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Abstract 
An orthogonal cutting model including the primary and secondary shear zones is pre-
sented in this study. The primary shear zone is modeled by a thermomechanical model 
where the rake contact is represented by two regions of respectively sticking and sliding 
friction. The model is compared with experimental results in terms of shear stress, shear 
angle, and cutting force predictions. Overall a good agreement is observed.    
 
 
 
1 INTRODUCTION 
Modeling of orthogonal cutting has been one of 
the major problems for machining researchers 
for decades. Understanding the fundamental 
mechanics and dynamics of the orthogonal 
cutting process would result in solution of ma-
jor problems in machining such as parameter 
selection, accurate predictions of forces, 
stresses, and temperature distributions. One of 
the first successful mathematical attempts for 
modeling of the mechanics of orthogonal cut-
ting was made by Merchant [1]. Merchant [1] 
studied the formation of continuous chip by as-
suming that the chip is formed by shearing 
along a shear plane whose inclination was ob-
tained from the minimum energy principle. Al-
though his model has several important as-
sumptions, it is still widely used to understand 
the basics of the cutting process. Later, many 
models were proposed [2-7] on the modeling of 
the orthogonal cutting process. After some de-
celeration in the research on cutting process 
mechanics due to the developments in CNC 
and CAD/CAM technologies, the process re-
search regained some momentum in recent 
years. Many predictive models have been pro-
posed by means of analytical, semi-analytical 
or completely numerical methods up to now. 
Semi-analytical models, where some of the 
parameters are identified from the cutting tests, 
usually yield high prediction accuracy, however 
they may not always provide insight about the 
process [8-10]. In addition, the cutting tests 
can be time consuming depending on the 
number of variables and their ranges. Numeri-
cal methods such as FEM [11-14] could pro-
vide much more detailed information about the 
process, such as temperature and pressure 
distribution, however they can be very time 
consuming. On the other hand, some analytical 
models may provide sufficient insight about the 
process. They can be categorized as the slip-
line models [15-19], and thin and thick shear 
zone models [20-23]. 
  
It can be deduced from the previous studies 
that there are several accurate models for the 
primary shear zone. There are also several 
studies where the friction in machining is inves-
tigated [24-30]. However, there are still issues 
in modeling the rake contact zone which in-
volves the friction between the tool and the 
workpiece due to the complicated nature of the 
chip-tool contact. In a recent study Ozlu and 
Budak [31] proposed an orthogonal cutting 
model that integrates the primary and secon-
dary deformation zones’ effects on the cutting 
process. In modeling of the primary shear zone 
the approach proposed by Dudzinski and Moli-
nari [21] is used. They used a thermo-
mechanical constitutive relationship which is 
transformed to a Johnson-Cook type material 
model in this study. The shear plane is mod-
eled having a constant thickness. In their later 
model, Dudzinski and Molinari [21] modeled 
the friction on the rake face as a temperature 
dependent variable by considering the sliding 
contact conditions which is valid for high cut-
ting speeds. In general, the material exiting 
from the primary shear zone enters the rake 
contact with a high normal pressure that cre-
ates a sticking friction region, i.e. plastic con-
tact, between the tool and the material. After a 
short distance, the contact state changes to 
sliding, i.e. elastic, due to the decreasing nor-
mal pressure which can be represented by 
Coulomb friction. Ozlu and Budak [31] consid-
ered this by modeling the rake face contact 
using dual zones.  
 
In this study, an orthogonal cutting  model is 
presented for the prediction of cutting forces. 
The model uses thermomechanical model for 
the primary zone and considers dual contact 
zone for the rake contact. The minimum en-
ergy approach is used for the shear angle pre-
diction and the material model constants are 
calibrated directly from the cutting tests. The 
friction and material constants can be obtained 
from orthogonal cutting tests. Orthogonal tube 
cutting tests are conducted for the calibration. 
After calibration, the model can be used for 
different machining operations using the same 
tool and workpiece material. The outputs of the 
proposed model are the shear angle, shear 
stress in the shear plane, cutting forces, the 
stress distributions on the rake face, sliding 
friction coefficient, and the length of the stick-
ing and sliding zones. Although the model is 
still under development, the final aim of the 
model is to develop a cutting process model 
which needs minimum amount of calibration 
tests.  
 
The paper is organized as follows. The pro-
posed mathematical formulation is presented in 
the next section. In section 3 the results ob-
tained from the experimental results are pre-
sented and discussed.   
 
2 PROCESS MODEL  
In this section, the model for the orthogonal cut-
ting process is presented together with the 
identification of the coefficient of friction be-
tween the tool and the workpiece materials. 
Firstly, the basic formulations regarding the 
primary and secondary shear zones are given, 
although the detailed derivation can be found in 
[31]. Then the tube cutting test setup is pre-
sented from where the coefficient of friction is 
identified. Finally different solution procedures 
are introduced in order to obtain the shear 
stress, cutting forces, stress distributions on the 
rake face and the length of the contact zones.   
2.1 Modeling of the Primary and Secondary 
Shear Zones 
The proposed model in this study includes the 
modeling of the primary and secondary shear 
zones in the orthogonal cutting process. The 
primary shear zone model is adapted from 
Dudzinski and Molinari [21] and the contact at 
the rake face is modeled by dual zone ap-
proach. Although the detailed mathematical 
model can be found at [21] and [22], it is pre-
sented here briefly. It should be mentioned 
here that the calculation of the shear angle is 
also included in this study which is one step 
ahead from the aforementioned study [31]. The 
main assumption in modeling the primary shear 
zone is that the shear plane has a thickness of 
h, and no plastic deformation occurs before and 
after the shear plane up to the sticking region at 
the rake face. The material behavior is repre-
sented with the Johnson-Cook constitutive 
model as follows: 
( ) ⎤⎡⎥⎤⎢⎡ ⎞⎛⎥⎤⎢⎡ ⎞⎛ vmn1 γγ  ⎥⎦⎢⎣ −⎥⎦⎢⎣ ⎟⎟⎠⎜⎜⎝+⎥⎦⎢⎣ ⎟⎟⎠⎜⎜⎝+= TBA 1ln133 0γτ  (1
)   
where γ is the shear strain, γ is the shear strain 
rate, 0γ is the reference shear strain rate, A, B, 
n, m, and v are material constants, and T = (T-
Tr)/(Tm-Tr) where T is the absolute temperature, 
Tr is the reference temperature, Tm is the melt-
ing temperature. The material entering the pri-
mary shear zone sustains a shear stress of τ0. 
When it leaves the primary shear zone the 
shear stress has evolved to the value τ1 which 
is different from τ0 when inertia effects are im-
portant. Assuming a constant thickness of the 
shear zone and a uniform pressure distribution, 
τ0 can be iteratively calculated as proposed by 
[22]. Also from the equations of motion for a 
steady state solution and continuous type chip 
the shear stress at the exit of the shear plane is 
calculated as follows: 
( ) 0121 sin τγφρτ += V    (2) 
where V is the cutting speed, φ is the shear an-
gle and γ1 is the strain due to the plastic defor-
mation at the shear plane.  
 
On the other hand, contact between the mate-
rial and the workpiece at the rake face is mod-
eled by a dual zone approach. This contact is 
divided into the sticking and sliding friction re-
gions which was originally proposed by Zorev 
[3]. In the first region, the contact condition is 
plastic due to the high normal pressure exerted 
on the tool, whereas in the second region the 
contact is elastic which can be represented by 
sliding friction. Zorev [3], and later others [32-
34], proposed shear and normal stress distribu-
tion on the rake face as shown in Figure 1.a. 
However it is well known and also proved by 
friction tests [35] that the Coulomb friction coef-
ficient cannot exceed 1.0 between metallic ma-
terials unless some kind of oxide formation or 
chemical reaction occurs [26,36]. Therefore, as 
shown by split tool cutting tests and mathe-
matical analyses [18,28,35,37-39] the distribu-
tions of the shear and normal stresses on the 
rake face are considered to be as shown in Fig-
ure 1.b. which is used for the model in this 
study. In order to model the normal pressure on 
the rake face mathematically, the following dis-
tribution is selected [31]: 
( ) ζ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
c
xPxP A10
   (3) 
where ℓc is the contact length (see Figure 2), x 
is the distance on the rake face from the tool 
tip, and ζ is the exponential constant which rep-
resents the distribution of the pressure, and is 
selected as 3 in the current study.    
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Figure 1: Stress distributions on the rake face 
by two different approaches, where the sliding 
friction coefficient is (a) higher, and (b) smaller 
than 1. 
 
It can be observed from Figure 1.b, that the 
shear stress on the rake face is equal to the 
shear yield stress of the material (τ1) along the 
sticking region with length ℓp. In addition, the 
shear stress in the sliding region is equal to the 
product of sliding friction coefficient (μ) and the 
normal stress (P), according to the Coulomb 
friction law. The shear stress reduces to zero at 
the end of the contact zone. Therefore, the 
mathematical representation of the shear stress 
distribution on the rake face can be defined as 
follows: 
Pμτ
ττ
=
= 1        (4) 
cp
p
x
x
AA
A
≤≤
≤
Moreover the shear stress distribution along the 
sliding friction region can be defined as follows: 
( ) ζττ ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −−=
e
pxx A
A
11  cp x AA ≤≤  (5) 
where ℓe is the length of the sliding region (see 
Figure2). 
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Figure 2: The Merchant’s Circle and the sche-
matic representation of the forces acting on the 
rake face.  
(b) 
P0 in equation (3) which is needed to calculate 
most of the parameters can be obtained from 
the force equilibrium at the shear plane and the 
rake face as follows [22, 31]: 
( )
( )αλφ
λ
φ
ζτ −+
+=
cos
cos
sin
11
10
c
hP A   (6) 
where h1 is the uncut chip thickness, λ is the 
friction angle, and α is the rake angle. Also 
from the moment equilibrium at the tool tip the 
length of the contact and sticking region are 
obtained as follows [31]:  
( )
λφ
αλφζ
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2
2
1
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Finally the apparent friction coefficient μa is cal-
culated as follows [31]: 
( )
c
ep
a P A
AA ++= 1
0
1 ζτμ    (9) 
2.2 Solution Procedure 
The model presented in the previous section 
can be used to predict the cutting forces pro-
vided that the friction coefficients and material 
model, i.e. the Johnson Cook parameters are 
known. The friction coefficient is determined 
from the orthogonal tube cutting tests by calcu-
lating the sliding friction coefficient iteratively. 
The number of tests is reduced compared with 
the conventional orthogonal tube cutting tests 
since the model can handle the effect of the 
rake angle. Therefore, it is sufficient to carry out 
tests for different cutting speeds and feed rates. 
The proposed solution procedure is as follows. 
Once the apparent friction is known all the un-
knowns up to Equation 8 can be calculated. 
The sliding friction coefficient is needed in order 
to calculate ℓp. An iterative search loop is used 
to calculate μa (Equation 9) by comparing with 
the measured μa values. Once the error be-
tween the calculated and measured μa is ac-
ceptable, the solution is found.  Then, the tan-
gential Ft and feed Ff cutting forces can be cal-
culated using the following: 
( )
( )
( )
( )αλφ
αλ
φτ
αλφ
αλ
φτ
−+
−=
−+
−=
cos
sin
sin
cos
cos
sin
1
1
1
1
whF
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f
t
          (10) 
where w is the width of cut. In the proposed 
model, the shear angle is determined iteratively 
based on the minimum energy. 
2.3 Identification of the friction coefficients 
In this section experimental methods are de-
scribed in order to identify the apparent friction 
coefficient between the tool and the workpiece 
material. But beforehand it should again be 
mentioned here that only the apparent friction 
coefficient is needed for cutting force predic-
tions. In order to measure the apparent coeffi-
cient of friction on the rake face, orthogonal 
tube cutting tests were carried out on a conven-
tional lathe. The test setup involves a dyna-
mometer and a DAQ setup in order to collect 
the cutting force data. After each experiment 
the chip thickness is measured in order to iden-
tify the shear angle. The thickness is deter-
mined by direct micrometer measurements and 
by also weight measurements, and the average 
value is used. The tests were conducted at dif-
ferent cutting speeds and feed rates. The ap-
parent friction coefficient on the rake face be-
tween the tool and the workpiece is calculated 
as follows: 
( )( )tf FFrake /tantan 1−+=μ           (12) 
where Ff and Ft are the measured feed and 
tangential forces, respectively.  
 
3 RESULTS AND DISCUSSIONS 
In this section the predictions of the dual-zone 
model is compared with the experimental re-
sults. Firstly, the shear angle predictions of the 
proposed model are compared. Afterwards the 
forces predictions are presented along with the 
experimental results. Finally, the effect of the 
Johnson-Cook constitutive model is discussed. 
TPGN type uncoated carbide inserts were used 
during orthogonal tube cutting tests. The rake 
angle was 5º. Two different steels were used 
as the workpiece material: AISI 1050 and AISI 
4340. The tests were conducted for different 
cutting speeds and feed rates. The Johnson-
Cook parameters for these two materials are 
given in Table 1. The discussion on the selec-
tion of these parameters is presented in Sec-
tion 3.3.  
Mat. A(MPa) B(MPa) n M ν
1050 880 500 0.234 0.0134 1
4340 945 500 0.26 0.015 1
Table 1: Johnson Cook constitutive relationship 
parameters for the workpiece materials. 
3.1 Shear Angle Predictions 
As discussed earlier the shear angle is deter-
mined based on the minimum cutting power 
calculations. The shear angle is also experi-
mentally identified from the tube cutting tests 
through chip thickness measurements [10]. In 
addition, the shear angle is also predicted by 
the Merchant law as follows [1]: 
( ) 2/2/ λαπφ −+=             (13) 
The friction angle λ in Equation 13 is substi-
tuted from the experimental values. These two 
predictions along with the experimental results 
are shown in Figure 3.a for the AISI 1050 steel 
and in Figure 3.b for the AISI 4340 steel.  
 
As can be observed from Figure 3 the pro-
posed model predictions are closer to the ex-
perimental values. This is most probably due to 
the fact that the Merchant’s model doesn’t con-
sider the effect of the strain, strain rate, and 
temperature on the material behavior. Also, the 
rake contact is simply represented by a sliding 
friction neglecting the effect of the plastic de-
formation on the rake face. The maximum dif-
ference between the proposed model predic-
tions and the experimental results is around 
10% for both materials, whereas it is around 
20% for the Merchant’ model.  
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Figure 3: Comparison of shear angle predic-
tions for (a) AISI 1050, and (b) AISI 4340 steels  
3.2 Cutting Force Predictions 
For a final verification, the cutting forces that 
are predicted by the proposed model are com-
pared with the experimental results for various 
feed rates and cutting speeds. It should again 
be mentioned here that the apparent friction 
coefficients obtained from these tests are used 
in the force predictions. The results can be 
found in Figure 4 for the AISI 1050 steel and in 
Figure 5 for the AISI 4340 steel. As can be ob-
served from the results, a strong agreement 
between the predictions and the experimental 
data is observed. The maximum and average 
discrepancies are 8% and 3%, respectively, 
which is mainly due to the inaccuracy in the 
material model. Although it is discussed in Sec-
tion 3.3, it should be mentioned here again that 
the parameters of the material model are cali-
brated by only the shear stress obtained from 
the tube cutting tests. The apparent friction co-
efficients obtained from the experiments are 
also used in the force prediction. These inputs 
enable the proposed model to predict even 
small changes in the forces with the cutting 
speed and feed rate.   
0
50
100
150
200
250
0.05 0.07 0.09 0.11 0.13 0.15
feed rate - mm/rev
Fe
ed
 C
ut
tin
g 
Fo
rc
e 
- N
152m/min-exp
302m/min-exp
152m/min-model
304m/min-model
 
(a) 
0
100
200
300
400
500
600
700
0.05 0.07 0.09 0.11 0.13 0.15
feed rate - mm/rev
Ta
ng
en
tia
l C
ut
tin
g 
Fo
rc
e 
- N
152m/min-exp
304m/min-exp
152m/min-model
304m/min-model
 
(a) 
Figure 4: The (a) feed cutting force, and (b) 
tangential cutting force comparisons for the 
AISI 1050 steel.    
(b) 
3.3 Discussion on the constitutive model 
As mentioned in Section 2.2 the only inputs re-
quired by the model are the material parame-
ters and the friction coefficient. An approach to 
obtain the friction coefficient is proposed and 
verified by the experiments in aforementioned 
analysis. However, the selection of Johnson 
Cook parameters is another important issue in 
the analysis. A common method to obtain the 
material parameters is the Split-Hopkinson 
Pressure Bar (SHPB) test. However, the strain 
rates in metal cutting may reach the order of 
105 s-1, whereas they are usually restricted to 
104 s-1 in SHPB tests [41], which may be an 
error source. In this section, the selection pro-
cedure and effects of the Johnson Cook pa-
rameters on the cutting forces for AISI 4340 
steel will be given. The same strategy for the 
AISI 1050 steel is followed. Three different pa-
rameter sets found in the literature [42-44] for 
AISI 4340 steel are listed in Table 2. 
(b) 
Set A(MPa) B(MPa) n m ν 
2 792 510 0.26 0.014 1 
3 950 725 0.375 0.015 0.625
4 910 586 0.26 0.014 1.03 
Table 2: The JC parameters for 4340 steel ob-
tained from three different studies [42-44].  
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(d) 
Figure 5: Feed cutting (a, c), and tangential cut-
ting force (b, d) comparisons for AISI 4340. 
  
In order to select the best parameter set we 
propose to apply a non-linear regression fitting 
procedure with the experimental data set using 
the shear stress at the shear plane. Due to the 
high sensitivity of the non-linear regression 
analysis to the initial and the tolerance values 
used, the number of parameters to be deter-
mined need to be reduced.  If all the parame-
ters of the Johnson Cook model are to be de-
termined, the final values may turn out to be 
impractical. For instance, B can be found to be 
a negative number which is impossible. In order 
to solve this problem, we set the parameters B, 
n, m and ν as in Table 1, and solve for the pa-
rameter A which minimizes the error between 
the predicted and measured shear stresses. 
The results are shown in Table 1 which are 
called as set 1, and are used for all the predic-
tions in Section 3. On the other hand, in order 
to compare the fitted parameters and the pa-
rameters that are found in the literature (see 
Table 2) a comparison for the cutting forces are 
conducted using these sets. The results can be 
found in Figure 6 for the tests conducted at 225 
m/min cutting speed for different feed rate val-
ues. 
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(b) 
Figure 6: The (a) feed and (b) tangential cutting 
forces that are predicted by different set of 
Johnson Cook parameters.  
 
As can be observed from Figure 6, Set 1, i.e. 
the material model obtained through non-linear 
regression analysis from the cutting test results,   
provide very good predictions. Set 3 also pro-
vide close predictions although they are quite 
different parameters. This is an important out-
come as it shows that different Johnson Cook 
parameter values may yield to the same re-
sults. Set 2, on the other hand, yields a higher 
error which shows that using preset values of 
Johnson-Cook model may sometimes yield in-
accurate predictions. Thus, it is important to 
check the material parameters for different 
ranges of cutting conditions than the calibration 
range. Accurate results can be obtained by 
calibrating the material model using cutting 
data. The results presented in this section may 
also be an indication of the fact that the John-
son-Cook constitutive law may not be the best 
representation of the material behavior for 
metal cutting operations.    
 
4 CONCLUSIONS 
In this study an orthogonal cutting process 
model is proposed where the primary and sec-
ondary shear zones are modeled. A Johnson-
Cook law is used to model the viscoplastic flow 
within the primary shear zone.  A dual zone 
representation is used for the rake contact. The 
first region of the rake contact is modeled by 
sticking friction which is followed by a sliding 
friction zone. The mathematical formulation and 
solution procedure for the cutting forces are 
presented as well as the identification of the 
friction coefficients.  It is proposed to obtain the 
apparent friction coefficient from orthogonal 
tube cutting tests and to calibrate the sliding 
friction coefficient by the proposed model. The 
results for shear stress and cutting forces are 
compared with the experimental values and 
good agreement is observed. Finally, the John-
son-Cook constitutive relationship parameter 
selections are discussed, and it is shown that 
different set of values may yield similar results 
due to the non-linear behavior of these equa-
tions.  
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